The molecular weight of Escherichia coli f-galactosidase was determined in 6M-and 8 M-guanidine hydrochloride by meniscus-depletion sedimentation equilibrium, sedimentation velocity and viscosity. Sedimentation equilibrium revealed heterogeneity with the smallest component having a molecular weight of about 50 000. At lower speeds, the apparent weight-average molecular weight is about 80000. By use of a calculation based on an empirical correlation for proteins that are random coils in 6 M-guanidine hydrochloride, sedimentation velocity gave a molecular weight of 91 000, and the intrinsic viscosity indicated a viscosity-average molecular weight of 84000. Heating in 6M-guanidine hydrochloride lowered the viscosity of /3-galactosidase in a variable manner.
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The molecular weight of Escherichia coli f-galactosidase was determined in 6M-and 8 M-guanidine hydrochloride by meniscus-depletion sedimentation equilibrium, sedimentation velocity and viscosity. Sedimentation equilibrium revealed heterogeneity with the smallest component having a molecular weight of about 50 000. At lower speeds, the apparent weight-average molecular weight is about 80000. By use of a calculation based on an empirical correlation for proteins that are random coils in 6 M-guanidine hydrochloride, sedimentation velocity gave a molecular weight of 91 000, and the intrinsic viscosity indicated a viscosity-average molecular weight of 84000. Heating in 6M-guanidine hydrochloride lowered the viscosity of /3-galactosidase in a variable manner.
The molecular weight of f-galactosidase (f-Dgalactoside galactohydrolase, EC 3.2.1.23) purified fIrom Escherichia coli has previously been determined in 6M-guanidine hydrochloride and found to be in general accord with the 'inonomer' molecular weight of 135000 (Craven, 1967; Ullmann, Goldberg, Perrin & Monod, 1968a) . The latter study utilized low-speed sedimentation equilibria, which would poorly distinguish multiple components, and an enmpirical correlation of apparent molecular weights in guanidine hydrochloride ] to actual nmolecular weights determined for several well-studied proteins, thus neglecting variable buoyancies. This result has been used to argue that the 'monomer' is one polypeptide chain (Ullmann, Jacob & Monod, 1968b) despite the fact that it is easily dissociable into smaller subunits by detergent, dilute acid or dilute base (Wallenfels, Sund & Weber, 1963; Steers, Craven & Anfinsen, 1965a) . We find the molecular weiglhts of f-galactosidase determined in concentrated solutions of guanidine hydrochloride to be significantly lower than is compatible with a single chain of molecular weight 135 000. A preliminary report of these results has been published (Erickson & Steers, 1969a) . Evidence for blocked N-terminal amino acids in /3-galactosidase as pyrrolidonecarboxylic acid has been reported elsewhere (Erickson & Steers, 1969b 
MATERIALS AND METHODS
Purification of f-galactosidase. The ,-galactosidase used in this study was prepared from the regulator. constitutive strain of E. coli K,2 3300 by the procedure of Marchesi, Steers & Shifrin (1969) . Briefly, the bacterial lysate was fractionated with (NH4)2SO4 and the 20-40%-saturation fraction was subjected to gel filtration on Sepharose 4-B (Pharmacia Fine Chemicals, Uppsala, Sweden) in buffer B (0.1M-NaCl-0.0lM-MgCl2-0.05M-2-mercaptoethanol-0.05M-tris-HCl buffer, pH 7.4). The major peak of activity was further purified by ionexchange chromatography on DEAE-cellulose (Whatman DE23; Reeve Angel, Clifton, N.J., U.S.A.) with a combination pH-NaCl gradient. Sometimes a Sephadex G-200 (Pharmacia) purification step was interposed between the first gel-filtration and the ion-exchange steps. Purity was checked by polyacrylamide disc gel electrophoresis. Amidoschwarz Kawahara & Tanford (1966) . The effective specific volume, b, was taken as 0.75ml/g, 0.01 ml/g less than the previously determined partial specific volume of 0.76 (Wallenfels, Sund & Weber, 1963) following Tanford (Tanford, Kawahara & Lapanje, 1967) . A computer program in Basic fitted linear leastsquares slopes for plots of Inc versus r2, determined true slopes for the second component by subtracting the extrapolated first slope from the observed second slope when polydispersity was indicated by breaks in the Inc versus r2 plots, calculated molecular weights, and determined amounts of each component by integrating areas under the curve of c versus r2. Sedimentation-velocity determinations. The duraluminum-filled epoxy, capillary artificial-boundary, doublesector cell was used with sapphire windows. The determinations were carried out at 56000rev./min and 20°C by using schlieren optics in the analytical ultra-centrifuge equipped with electronic speed control. Measurements of boundary movement were made with the Nikon 6C comparator.
Viscosity measurements. Viscosities were determined at 20.0±0.010C in an Ostwald viscometer of the dilution type. Protein concentrations were checked on the final dilution of the series. Some determinations were made with a four-chamber Ubbelohde viscometer that allowed variation in shear forces.
RESULTS
Sedimentation-equilibrium experiments by the meniscus-depletion method gave weight-average values for the molecular weight of fl-galactosidase of 70000-80000 in concentrated guanidine hydro- chloride at moderate speeds (Table 1) . At higher speeds heterogeneity became apparent (Fig. 1) .
Here three segments of the curve are distinguishable; the three curves are distinguishable on multiple experiments. The first component ends at one fringe, so that the value calculated is of questionable accuracy. However, it is given in Table 2 and used in Fig. 3 . If the first slope is considered to be erroneous and the second slope is taken to be the initial slope, a molecular weight of 70 000 is calculated for this slope. That the 70000 value represents the weight average of several components and the first slope truly represents the initial component becomes clearer when a solution of 1 mg/ml is run under the same conditions (Fig. 2) . The initial slope is now much clearer and extends for two fringes although we have obscured Vol. 120 Fig. 4 . An 8243 guanidine hydrochloride of 0.95 results when the plot is linearly extrapolated to zero protein concentration. It is possible that we are ignoring an upward deflexion at low concentrations of fl-galactosidase but nonlinear plots were not noted by Tanford et al. (1967) . (They do emphasize the poor precision of the results for s valtues in concentrated solutions of guanidine hydrochloride.) The number, n, of amino acid residues per chain in a randomn-coil peptide in guanidine hydrochloride may be calculated from Tanford's empirical equation (Tanford et al. 1967): 80/(1 -'p) = 0.286n°473 where p is the density of the solvent and O' the effective specific volume. From this formula, the number of residues calculated is 790. Taking a residue-average molecular weight of 114.9 (Craven, Steers & Anfinsen, 1965) , this corresponds to a molecular wveight of 91000. The deficiencies inherent in this approach include the decreased accuracy for the apparent sedimentation coefficient when several components are being 'averaged' in the peak, amplification of any error in partial specific volume (q) by the high solvent-density term (p), and the amplification of error in the experimental value by the exponential relationship of the number of residues, n, to it. The latter factor also effects the relationship of molecular weight to viscosity in concentrated guanidine hydrochloride solutions.
MOLECULAR WEIGHT OF ,B-GALACTOSIDASE IN GUANIDINE
The intrinsic viscosity measured in 6M-guanidine hydrochloride was high (Fig. 5) . On multiple determinations, the intrinsic viscosity of fl-galactosidase in 6M-guanidine hydrochloride was 60 + 3 ml/g. The inclusion of 10mM-EDTA or 10 mM-magnesium chloride in the solvent or reduction and carboxymethylation (Steers, Craven & Anfinsen, 1965b ) of the protein were without effect on the viscosity. Again, the number, n, of amino acid residues per chain in a random-coil peptide in guanidine hydrochloride may be calculated from a second empirical formula (Tanford et al. 1967 [vi] is the intrinsic viscosity. Fronm this formula, the number of residues calculated is 740 corresponding to a molecular weight of 84000. This is a viscosity-average molecular weight.
WN'hen ,B-galactosidase is heated for 20min at 100°C in 6m-guanidine hydrochloride-0.1 M-2-mercaptoethanol-0.IM-tris-HCl buffer, pH7.5, there is a marked change in the intrinsic viscosity (Fig. 5) . A similar volume of solvent is heated in the same way for the blank. This result is reproducible but the degree of decreased viscosity is variable. The fall in viscosity is not found if the concentration of 3-galactosidase is greater than 8-lOmg/ml when it is heated. The change in viscosity is not due to loss of the volatile 2-mercaptoethanol. The addition of more mercaptoethanol to the protein solution and the blank after heating did not change the results and reduced carboxymethylated /3-galactosidase also showed a similar fall in intrinsic viscosity after being heated in 6m'-guanidine hydrochloride. Such a change in viscosity with heating in 6M-guanidine hydrochloride solutions is not found with bovine serum albumin. Determinations in a four-chamber Ubbelohde viscometer at different shear forces showed a trend for the /3-galactosidase heated in 6 m-guanidine hydrochloride to be less viscous at lower shear forces, but this was not observed with the non-heated solutions. This represented a total variation of 5% and is unexplained, if it is indeed significant. The change in viscosity with heating in the presence ofconcentrated guanidine hydrochloride seems reversible, as the initial intrinsic viscosity gradually returns while the ,B-galactosidase remains in the guanidine hydrochloride solution (Fig. 5) . In 6M-guanidine hydrochloride the recovery takes about 10 days.
DISCUSSION
The measurements of the molecular weight of /3-galactosidase in solution in weak acid, weak base and detergent might be artifically low because of charge effects; careful measurements at low concentrations are needed. This source of error seems unlikely to apply to the sedimentation-equilibrium results in concentrated solutions of guanidine hydrochloride and the concentration plot of Fig. 3 Their result for complemented /3-galactosidase is very similar to these results with native /3-galactosidase. The discrepancy is unlikely to be due to a difference in strains of E. coli (3300 is a Pasteur Institute strain) but there could be strain differences in quantity of interpeptide-chain bonds. It is unlikely that our preparations of /3-galactosidase have been modified by proteolytic enzymes. The nolecular weight of these preparations remains 135000 in 8m-urea. This should be compared with trypsin-treated /-galactosidase which retains full activity and has a sedimentation coefficient of 16S from velocity measurements, but is dissociated into four small components in 8M-urea (Givol, Craven, Steers & Anfinsen, 1966) . The point has previously been made that ,B-galactosidase is dissociable into components smaller than the monomer by treatments known to break ester bonds (Craven, 1967) .
Such results suggest that the /3-galactosidase monomer is actually a protomer of several polypeptide chains held together by covalent bonds other than the peptide ones. If so, these 'ester' bonds must be at least partially dissociable by guanidine hydrochloride or be present in variable amounts, e.g. a proportion of /-galactosidase protomer would have fewer interpeptide-chain bonds. Difference spectra and fluorescence-emission spectra show that the optically active amino acids, tyrosine and tryptophan, are fully exposed to the solvent in 4M-guanidine hydrochloride after 3h (R. P. Erickson, unpublished work). In 6-and 8m-guanidine hydrochloride the spectra are stable 259
